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Abstract
We study in a model-independent way new neutral and charged vector bosons
that could give observable signals with leptonic final states at the LHC. We
show, in particular, that a charged vector W′ decaying into lepton plus neutrino
is accompanied by at least an extra neutral vector boson Z′, nearly degenerate
with the charged one. Conversely, a Z′ boson with significant isospin violation
cannot exist without a companion W′. To take advantage of these generic
correlations, we perform a combined analysis of LHC data in the dilepton
and lepton-plus-missing-energy channels, which allows us to improve the limits
from independent analyses. We also develop some tools to easily deal with cases
in which several heavy vector bosons with similar masses interfere. Finally, we
develop a theoretically consistent framework for the study of the sequential Z′
and W′ benchmarks.
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1 Introduction
New vector bosons, i.e. new particles of spin 1, are a common occurrence in theories
beyond the Standard Model (SM). They appear whenever the gauge group of the SM
is extended, as the gauge bosons of the extra broken symmetries. This is the case
of Grand Unified Theories, including string constructions, or Little Higgs models. In
theories in extra dimensions, the gauge group is often higher dimensional, which gives
rise to infinite towers of vector excitations. Finally, vector resonances are a typical
feature of theories with a strongly-coupled sector, such as composite Higgs models.
The last two scenarios can be related by gauge/gravity duality.
These extra vector bosons, if not too heavy, could give clear signals at hadron
colliders. In particular, new neutral and charged vector bosons (Z′ and W′, respectively)
with significant couplings to quarks and leptons are most easily seen as resonances in
dilepton (`+`−) and lepton plus missing transverse energy (`+ /ET ) final states (` = e, µ).
The Atlas and CMS collaborations have studied these signatures with LHC data, and
have derived quite strong limits on the couplings and masses of the new particles.
Resonant dijet and diboson signatures have been analyzed as well, but here we will
concentrate on leptonic final states.
Usually, the resonant `+`− and `+ /ET signatures are analyzed independently from
each other, in terms of the mass, width and couplings of a hypothetical Z′ and W′
particle, respectively. On the other hand, each specific theoretical model will pre-
dict certain (parameter-dependent) correlations between the properties of Z′ and W′
bosons, and thereby between the corresponding neutral and charged signatures. In
this paper, we show that some of these correlations are imposed by (spontaneously
broken) SU(3)C×SU(2)L×U(1)Y gauge invariance, and can be studied from a model-
independent point of view. Furthermore, we take advantage of this information to
optimize the searches of these extra vectors. Taking into account the `+`− and `+ /ET
data simultaneously in a joint analysis, we will be able to put stronger limits than the
ones obtained from separate analyses.
To achieve all this, we work within a general gauge-invariant effective field theory
that includes the SM degrees of freedom and the extra vector fields that could give
rise to the signatures we are interested in. The principle of gauge invariance strongly
restricts the quantum numbers and the interactions of the new vector bosons. In par-
ticular, we will argue below that `+`− resonances at the LHC can only be efficiently
produced by the exchange of colorless neutral vector bosons that belong to either
singlets or triplets of the isospin SU(2)L group, whereas `ν resonances can only be effi-
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ciently produced by colorless charged vector bosons in isospin triplets1. Therefore, our
effective theory will simply be an extension of the SM with colorless zero-hypercharge
isosinglets (B) and isotriplet (W) fields. We will often refer to the fields in these
representations simply as singlets and triplets.
An important consequence of the allowed vector quantum numbers can be derived
straight away: a signature beyond the SM in the `ν final state is always accompanied
by a `+`− signature. Indeed, the pair of charged bosons in a given triplet W comes
together with a neutral vector boson. Because the charged and neutral extra vectors
in the multiplet couple exclusively to left-handed fermions (with couplings of the same
size), we shall call them W′L and Z
′
L, respectively. The Z
′
L couples proportionally
to the third component of the isospin. On the other hand, the W′L and Z
′
L bosons
are quasi-degenerate. This tight structure implies a complete correlation between the
searches of W′L and their neutral partners. Note that, in addition to a Z
′
L for each pair
of W′L, there may exist additional neutral vectors, belonging to the singlets B, with
independent couplings and masses.
This simple picture may get some corrections if the neutral singlets mix with the
Z′L bosons, which is possible upon electroweak symmetry breaking. The mixing has
two effects: the couplings of the eigenvectors are modified and the mass degeneracy of
the triplet is removed. However, the mass of one of the eigenstates always stays close
to the W′L mass, as long as the theory is in a perturbative regime and the new particles
are heavy. On the other hand, when the mixing is large, the mass of the neutral mass
eigenstates must be similar. In this case, the interference effects in the neutral channel
must be taken into account. We will show, nevertheless, that in most cases the data
can still be interpreted in terms of a single effective resonance.
A mixture of extra triplet and singlet vector fields is interesting for an additional
reason: it is the unique way of constructing with extra vectors a sequential Z′ model
without breaking gauge invariance. Therefore, any sequential Z′ is always accompanied
by another Z′ and by a W′L [1]. The same holds for any Z
′ boson with significant
isospin breaking, i.e. with large differences between its couplings to the upper and lower
components of the left-handed fermion doublets. The Z′L couplings are recovered in the
limit in which the singlet decouples. The sequential Z′ (W′) boson is often employed
by the Atlas and CMS collaborations as a benchmark for the interpretation of their
dilepton ( ` + /ET ) analyses. In order to put these benchmarks on firm theoretical
ground, we study here a minimal model that gives rise to sequential Z′ and W′ bosons,
1Extra scalars can also contribute to both final states, but in this paper we will concentrate on
new vector bosons.
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plus, unavoidably, a sequential extra photon γ′. The two heavy neutral states turn
out to be nearly degenerate, so their interference cannot be neglected2. Therefore,
promoting the phenomenological benchmarks into a well defined model has several
non-trivial implications: there are correlations between charged and neutral channels
and the interference in the neutral channel modifies the cross sections.
Apart from the tight bounds from direct searches, extra vectors with leptonic cou-
plings are also strongly constrained by their indirect effects on electroweak precision
data (EWPD)3. These limits provide complementary information to those obtained
from direct searches. In particular, given the different dependence of the electroweak
constraints on the parameters of the theory, EWPD are still sensitive to regions in the
parameter space not yet accessible at the LHC. We will also comment on these bounds
and the interplay between them and those from direct searches.
In the next section we briefly review all the possible vector bosons that can couple
to leptons. We focus our attention on those cases where such particles can produce
sizable leptonic signals at the LHC. As mentioned above, this reduces the spectra to
colorless zero-hypercharge isosinglets and isotriplets. These are studied in more detail
in Sections 3, 4 and 5. We also present in those sections the electroweak constraints
on the different extensions. As an example of a scenario including all these particles,
we study in Section 6 a simple two-site model generalizing the usual sequential SM.
Section 7 is devoted to the phenomenological analysis of the correlations between the
signals in the `+`− and `+ /ET channels in direct searches, for SM extensions including
at least one triplet. In particular, we show the improvement on the existing limits once
such correlations are taken into account, and compare with the existing electroweak
limits. Section 8 presents our conclusions. Finally, we have included one appendix
where we develop an effective narrow width approximation to deal with several vector
bosons, when these have similar masses and can interfere.
2 New vector bosons with leptonic couplings
New vector bosons are usually classified according to their quantum numbers under
the unbroken gauge symmetries, i.e. color and electric charge. Thus, for color singlets
we can distinguish between neutral vector bosons Z′, charge ±1 vector bosons W′ and
2This interference is a generic feature of a sequential Z′. It has been studied before in the context
of extra-dimensional models [2, 3, 4, 5].
3These limits can be relaxed if a cancellation between the effects of several particles takes place.
This, however, requires complex scenarios designed specifically for that purpose [6, 7].
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vectors with other integer or fractional charges. On the other hand, it is useful to
take advantage of the fact that, in the electroweak symmetric phase, the complete
theory including the new vectors should respect the full gauge invariance of the SM.
Therefore, the extra vectors must furnish complete representations of the group H =
SU(3)C×SU(2)L×U(1)Y , which we will write as (rC , rL)Y , with rC,L the dimensionality
of the color and isospin representations and Y the hypercharge. Note that in our
effective approach we do not require gauge invariance beyond the one of the SM,
even if the vector bosons we are considering could be the gauge bosons of an extra
gauge group. The different irreducible representations of vector fields that can have
dimension-four interactions with the SM have been classified and studied in Ref. [6].
Their possible couplings are strongly restricted by gauge invariance. We consider only
interactions described by operators with scaling dimension four because they give the
leading effects. Finally, the masses of the different components in each multiplet must
be equal, up to symmetry breaking effects that come from their coupling to the Higgs
doublet and the SM gauge bosons. For large gauge-invariant masses M , the splittings
in the physical masses squared are always suppressed by v2/M2, where v ' 246 GeV
is the vacuum expectation value of the Higgs field.
Vector bosons can be produced at the LHC by Drell-Yan or gauge-boson fusion,
which require couplings to quarks and gauge bosons, respectively. We are interested in
their decay into two leptons: either two charged leptons (`+`−), or a charged lepton and
a neutrino (`ν). For this, we obviously need vector fields that couple to leptons. We can
distinguish two kinds of couplings of the extra vector bosons to the SM fermions. First,
there are couplings from interactions that exist already in the gauge-invariant phase.
Let us call them direct couplings. Second, there are couplings that are not present in
the symmetric phase, but arise upon electroweak breaking from the mixing with the
SM gauge bosons 4. We call them indirect couplings. Assuming perturbative couplings
and large masses M , the indirect couplings are suppressed by the mixing sα, which
is again proportional to v2/M2. There are also constraints on sα from electroweak
precision tests, which we discuss below.
It is easy to see that dimension-four direct couplings to leptons can only exist for
vector bosons with quantum numbers (1, 1)0, (1, 3)0 and (1, 2)−3/2. On the other hand,
mixing, and thus indirect couplings, are only possible for vectors in the representations
(1, 1)0, (1, 1)1, (1, 3)0 and (1, 3)1. Therefore, there are only five types of vector fields
that can give resonant leptonic signals. Of these, the vectors in the representation
(1, 2)−3/2 can be easily discarded because they do not interact with quarks or gauge
4In this paper we are neglecting the effects of possible extra fermions in the theory, including their
mixing with the SM.
5
bosons, so they cannot be produced at hadron colliders. Let us discuss the other four
possibilities in turn.
• B ∈ (1, 1)0. This field is not charged under the SM gauge group H. It appears in
many extensions of the SM gauge group: if the extended group has the product
form G × X, with H a subgroup of G, then all the gauge bosons of the factor
X belong to this representation of H. The only component of this real field is
neutral. It can have direct couplings to quarks and leptons, and also indirect
couplings via its mixing with the Z boson. Therefore, it can be produced at
hadron colliders and it can decay into `+`−. We review it in Section 3.
• B1 ∈ (1, 1)1. This complex field contains a pair of W′ bosons of charge ±1. It is
usually called W′R, since it couples (directly) to right-handed fermions. It appears,
for instance, in left-right models (together with a singlet B). The field B1 has
direct couplings to quarks, so it can be produced by the Drell-Yan mechanism,
but no direct couplings to the SM leptons. On the other hand, it can mix with
the SM W bosons and acquire indirect couplings to leptons. This mixing is
proportional to the Higgs coupling, gφB1 , and gives a negative contribution to the
ρ parameter. Electroweak precision tests (with the recent value of the Higgs
mass) place a strong limit |gφB1/MB1| < 0.09 at 95% C.L. [6]. The mixing is also
required to be small by data in K0 − K¯0 mixing [8]. The precision-test bounds
can be relaxed including extra (leptophobic) Z′ bosons, such that the different
contributions to the ρ parameter cancel out. This cancelation could be enforced
by custodial symmetry. At any rate, as explained above, the mixing will always
be small if the new vectors are heavy and the theory is in the perturbative regime.
Moreover, the same mixing allows the W′R to decay into longitudinal gauge bosons
and the Higgs, and this channel is kinematically enhanced5. From all this, we
conclude that the branching ratio into leptons will be small, so this vector boson
cannot give an observable contribution to pp→ `ν, with ν a SM neutrino.
However, this does not preclude the possibility of a ` + /ET signal : if very light
right-handed neutrinos existed, the W′ ±R bosons could decay into a lepton and a
right-handed neutrino, which would decay out of the detector6. For the rest of
the paper we assume that there are no extra light fermions, and thus we do not
consider this possibility further.
5This decay mode, as well as the decay into quarks (which is always present if there is Drell-Yan
production), have been studied in detail in [9].
6 On the other hand, having not-so-light right-handed neutrinos results in signals different from
those we are interested in [10].
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• W ∈ (1, 3)0. This multiplet contains a charge ±1 pair of vector bosons and
a neutral one. It appears in extra-dimensional and little Higgs theories. The
charged components are often called W′ ±L , for they only interact with left-handed
fermions. They couple directly to both quarks and leptons. Therefore, the
charged components can give observable ` + /ET signatures at the LHC. The
neutral vector boson also couples to left-handed fermions, proportionally to their
third component of isospin. We call it Z′L. This neutral vector will contribute
to pp → `+`− processes. Mixing and indirect couplings are also possible, as we
discuss in detail in Section 4.
• W1 ∈ (1, 3)1. This less known multiplet contains two neutral vector bosons, a
pair with charge ±1 and a pair with charge ±2. It has no direct couplings to
fermions, but can get indirect couplings from its mixing with the Z and W bosons.
It contributes positively to the ρ parameter. Assuming the recently discovered
Higgs boson has SM couplings, the electroweak precision data put a limit on the
Higgs coupling |gφW1/MW1 | < 0.3 at the 95% C.L. [6], strongly constraining the
mixing with the SM gauge bosons. Therefore, the production of these vector
fields is very small.
From this simple analysis we conclude that, in the absence of extra light fermions,
sizable ` + /ET signals at the LHC can only be produced by the charged components
of triplet vector bosons W , whereas sizable `+`− signals can be produced by either the
neutral components in these multiplets or by singlets B. In the following we study in
turn SM extensions with extra singlet vector fields, with extra triplet vector fields, and
with both singlets and triplets at the same time.
3 Singlets
The extra singlet vector fields B are very well known, especially in the context of
abelian extensions of the gauge group. We refer the reader, for instance, to the review
in Ref. [11]. Let us stress again that there also exist neutral colorless vector bosons
in other multiplets, so it is worthwhile keeping the distinction between the electrically
neutral Z′ and the field B in the (1, 1)0 irreducible representation. We will consider a SM
extension with only one B, as the generalization to several singlets is straightforward
and would just make the discussion more cumbersome.
The most general gauge-invariant dimension-four Lagrangian containing operators
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formed as products of the SM fields and at most two B fields reads
L = LSM + L0B + LintB , (1)
where LSM is the SM Lagrangian,
L0B = −
1
2
∂µBν∂µBν + 1
2
∂µBν∂νBµ + µ
2
B
2
BµBµ (2)
contains the invariant quadratic terms of the singlet and
LintB =gBBBµBµφ†φ−
(
igφBBµφ†Dµφ+ h.c.
)
− (glB)ijBµl¯iγµlj − (geB)ijBµe¯iγµej
− (gqB)ijBµq¯iγµqj − (guB)ijBµu¯iγµuj − (gdB)ijBµd¯iγµdj (3)
describes the interactions of the vector singlet with the SM matter fields. As mentioned
above, we have not considered terms with more than two new vectors. Such interactions
have a negligible effect for the analysis of leptonic signals or in electroweak precision
observables. Thus, they are irrelevant for our analyses. In writing Eq. (3) we have
also omitted redundant interactions like BµDνBµν . These induce a kinetic mixing of
the new vectors with the SM gauge boson Bµ but can be eliminated by a redefinition
of fields and couplings. We are using SM-covariant derivatives,
DµX = (∂µ + igW
a
µTa + ig
′Y Bµ)X , (4)
with Ta and Y the SU(2)L generators and the hypercharge in the representation of the
field X, and g, g′ the SM gauge couplings. The symbols li and qi denote, respectively,
the left-handed lepton and quark doublets, while ei, ui and di denote the right-handed
singlets. Latin indices i, j = 1, 2, 3 label the different fermion generations. In the
following we always assume diagonal and universal coupling matrices (in the gauge
eingenstate basis). For the first two families, this is actually required to avoid flavor
changing neutral currents. The assumption for the third family, made for simplicity, is
not essential in our analysis, and it could be easily withdrawn.
In the universal case, the model has six new parameters: the mass µB, the coupling
to the Higgs field gφB, and the couplings to the five fermion multiplets, g
q
B, g
u
B, g
d
B, g
l
B
and geB. After electroweak breaking, the coupling g
φ
B gives rise to a mixing between
the B and the Z boson. Electroweak precision data put strong limits on the values of
these parameters. We have updated the global fit to electroweak precision observables
performed in [6].7 We find, at the 95% C.L. 8,
|GφB| < 0.09, |GlB| < 0.19, |GeB| < 0.18, (5)
7The fits presented in this paper include the determination of the Higgs mass [12, 13], as well as
the latest updates in the top [14, 15] and W masses [16], and in the weak charge for Cesium [17]. In
the SM computations we also consider the two-loop corrections to Rb as described in [18].
8Our one-dimensional 95% C.L. EWPD limits are defined by requiring ∆χ2 = 3.84 with respect
the minimum value. We assume in the electroweak fits in this paper that all the parameters are real.
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Figure 1: Left: From darker to lighter, confidence regions with ∆χ2 ≤ 2 (blue), 4
(orange) and 6 (95% C.L.) (green), respectively, in the GlB-G
φ
B plane for a B model
with only scalar and left-handed couplings. Right: The same in the GlB-G
q
B plane.
where GiB ≡ giB/µB. The quark couplings have very weak bounds, due to the absence
of quark to quark processes in precision observables. This can be seen in Figure 1,
where we plot the limits for an SM extension including a B with only scalar and left-
handed fermionic couplings. On the other hand, the limit on GφB comes partly from
the contribution of the singlet to the ρ (or T) parameter. This limit could be relaxed
adding a hypercharged singlet B1, which contributes with the opposite sign.
After electroweak symmetry breaking, the singlet vector mixes with the Z gauge
boson, with the following mass matrix
M2 =
(
M2Z0 − Re[y]cos θW
− Re[y]
cos θW
M2B
)
, (6)
with M2Z0 = (g
2 + g′2)v2/4 the SM Z mass, θW the Weinberg angle, M2B = µ
2
B + gBBv
2
and y = ggφBv
2/2. Up to terms of order v4/M4B, the eigenvalues of this matrix are
M2Z 'M2Z0 −
y2
M2B cos2 θW
,
M2Z′ 'M2B +
y2
M2B cos2 θW
, (7)
and the matrix is diagonalized by a rotation of angle α with sinα ' gRe[g
φ
B]
2 cos θW
v2
M2B
. The
negative shift in the mass of the Z boson is responsible for the (positive) contribution
to the ρ parameter.
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From the electroweak limits above (and, independently, from perturbativity of the
couplings) we see that the mixing sinα is very small. Therefore, we can neglect it for
the leptonic signals we are interested in.
In the narrow width approximation, it is possible to study arbitrary Z′ bosons (not
only the ones from singlets) in terms of only two parameters, called cu and cd, as
proposed in Ref. [19] (see also [20] for an application to the LHC). Let us briefly review
this formalism.
At the LHC, the cross section for dilepton events mediated by Z′ bosons can be
written in the narrow width approximation in the following way:
σ(pp→ Z ′ → `+`−) = pi
6s
[
cuωu(s,m
2
Z′) + cdωd(s,m
2
Z′)
]
. (8)
Here, ω(s, p2) are model-independent functions that depend on the collision center-
of-mass energy s and the dilepton invariant mass (equal to the Z′ mass in this ap-
proximation), whereas the coefficients cu and cd only depend on the couplings of the
Z′:
cq =
(
gqL
2 + gqR
2
)
Br(Z ′ → `+`−), (9)
with gqL,R the left-handed and right-handed couplings of the Z
′ to the q quark, q = u, d.
For the case of a Z′ from a singlet B,
cu,d =
(
gqB
2
+ gu,dB
2
) glB2 + geB 2
3
(
2glB
2
+ geB
2 + 6gqB
2 + 3guB
2 + 3gdB
2
) , (10)
where we have assumed only decays into SM fermions, and neglected fermion masses.
This parametrization is very useful, since the limits in the plane cu − cd from the
experimental results can be easily compared with the prediction of different models for
cu and cd. This kind of analysis has been done by CMS in their searches of narrow
resonances in dileptonic events [21].
4 Triplets
In this section, we consider an extension of the SM with a vectorial isotripletW , in the
(1, 3)0. This is the simplest scenario with a W
′
L. The generalization to several extra
triplets is straightforward. The most general dimension-four Lagrangian we can build
is given by
L = LSM + L0W + LintW , (11)
where
L0W = −
1
2
[DµWν ]a[DµWν ]a + 1
2
[DµWν ]a[DνWµ]a + µ
2
W
2
WaµWµa , (12)
10
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Figure 2: Left: From darker to lighter, confidence regions with ∆χ2 ≤ 2 (blue), 4
(orange) and 6 (95% C.L.) (green), respectively, in the GlW-G
φ
W plane. Right: The
same in the GlW-G
q
W plane. We also plot the curves corresponding to constant values
of |g˜W/MW | = 0.1 (inner curve), 0.25 (outer curve) TeV−1. See Eq. (23) and text for
details.
and
LintW =gWWWaµWµaφ†φ− (glW)ijWµa l¯iγµ
σa
2
lj − (gqW)ijWµa q¯iγµ
σa
2
qj−
−
(
igφWWµaφ†
σa
2
Dµφ+ h.c.
)
. (13)
We consider again only terms with at most two extra heavy fields, and assume diagonal
and universal couplings to the three families of fermions, in the interaction basis.
Electroweak precision tests put bounds on the coupling to mass ratios Gl,q,φW ≡
gl,q,φW /MW . These bounds were calculated in [6], and stay mostly unchanged after the
updates in the precision data. At 95% C.L. only the leptonic couplings can be bounded,
|GlW | < 0.28. (14)
The limits are correlated. In particular, for vanishing glW there are two directions that
are not constrained by the electroweak fit. This is clear in Figure 2, where we show
the limits in two different planes. The flat direction along gφW is due to the fact that
a vector triplet with real gφW preserves custodial symmetry and does not modify the ρ
parameter.
After electroweak symmetry breaking, the neutral and charged components of the
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triplet mix with the Z and the W gauge bosons. The neutral mass matrix is
M2n =
(
M2Z0
Re[x]
cos θW
Re[x]
cos θW
M2W
)
, (15)
with M2Z0 = (g
2 + g′2)v2/4, θW the Weinberg angle, M2W = µ
2
W + gWWv
2 and x =
ggφWv
2/4. Up to terms of order v4/M4W , the eigenvalues of this matrix are
M2Z 'M2Z0 −
Re[x]2
M2W cos2 θW
,
M2Z′ 'M2W +
Re[x]2
M2W cos2 θW
, (16)
and the matrix is diagonalized by a rotation of angle αn with sinαn ' gRe[g
φ
W ]
4 cos θW
v2
M2W
.
Similarly, the mass matrix in the charged sector is
M2c =
(
M2W 0 x
x∗ M2W
)
, (17)
with M2W 0 = g
2v2/4 the SM W mass. Neglecting again terms of order v4/M4W , the
eigenvalues read
M2W 'M2W 0 −
|x|2
M2W
,
M2W ′ 'M2W +
|x|2
M2W
, (18)
and sinαc ' g|g
φ
W |
4
v2
M2W
is the mixing angle in the 2×2 unitary matrix diagonalizing M2c .
It is apparent that, for real x, the mixing with the triplet does not spoil the custodial-
symmetry relation between the mass of the Z and the W, and at the tree level, ρ = 1.
On the other hand, the neutral and charged heavy vectors are nearly degenerate:
MZ′ 'MW ′ + v
4
32M3W ′
(
g′2Re[gφW ]
2 − g2Im[gφW ]2
)
. (19)
The splitting of the masses is thus smaller than 0.6 GeV for |gφW | < 4pi and W′ masses
above 1 TeV. The mixing modifies the interactions of the mass eigenstates with the
fermions (including the appearance of a new coupling of the Z′ to right-handed singlets)
and also induce interactions with the gauge bosons. These effects are suppressed by
the mixings sinαn,c, with sinαn,c < 0.07 for |gφW | < 4pi and MW ′ > 1 TeV.
In order to simplify the LHC analysis we will set gφW to zero, so that the mixing
vanishes. This is a good approximation unless the couplings gl,qW are very small (but
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we need them big to have significant production of the new vectors and significant
decay into leptons). The parameters of our effective theory are then MW , glW and g
q
W .
The masses of the new vector bosons are degenerate, MZ′ = MW ′ = MW , while their
couplings to fermions in the mass eigenstate basis are given by
LCCW = −
1√
2
(
gqW u¯LiγµVijdLj + g
l
W e¯LiγµνLi
)
W ′+µ + h.c., (20)
LNCW = −
1
2
[
gqW
(
u¯LiγµuLi − d¯LiγµdLi
)
+ glW (ν¯LiγµνLi − e¯LiγµeLi)
]
Z ′µ, (21)
with V the CKM matrix.
When glW = g
q
W = g, in the charged sector we have exactly the sequential W
′
L
model commonly used as a benchmark in the Atlas and CMS analyses of charged vector
bosons. On the other hand, the Z′ is not sequential. It couples to the third component
of isospin. In particular, it only interacts with left-handed fermions. The isospin
dependent couplings of this neutral vector Z′L reveal that it belongs to a multiplet of
dimension higher than one.
The neutral vector boson Z′L can be easily analyzed, in the narrow width approxi-
mation, in terms of the cu and cd parameters:
cu = cd =
g˜2W
96
, (22)
where we define the effective coupling
g˜W =
2gqWg
l
W√
3gqW
2 + glW
2
. (23)
Furthermore, the cross section of the pp → W ′L → `ν process also depends, in the
narrow width approximation, on the same combination of couplings, g˜W . Therefore,
in this approximation, both the `+`− and `+ /ET signatures of the triplet depend only
on two parameters: the common mass MW and the effective coupling g˜W . In Figure
2, where we show the regions allowed by precision tests, we have also plotted contour
curves for several values of |g˜W/MW |. From this we can read |g˜W/MW | . 0.3 TeV−1.
5 Triplets and Singlets
Let us now study the scenario in which we have simultaneously extra isotriplets W
in the (1, 3)0 representation and extra singlets B, in the (1, 1)0. For definiteness, we
consider just one extra vector boson of each kind. The main interest of this extension
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Figure 3: 95% C.L. exclusion limits for the cross section of the Z′ plotted over the
cu − cd plane. From Ref. [21]. The cu and cd values of the triplet as a function of g˜W
are represented by the blue line.
of the minimal case is the possibility of having large mixing of the Z′ inside the triplet
with the singlet. The most general gauge-invariant dimension-four Lagrangian we can
write is
L = LSM + L0W + LintW + L0B + LintB + LWB. (24)
The new term reads
LWB = gWBWaµBµφ†
σa
2
φ, (25)
while the other ones have already been written in the previous sections.
We have performed a global fit to electroweak precision data of extensions of the
SM with a singlet and a triplet. These can be compared to the ones above for each
single extension. Electroweak precision tests require at the 95% C.L.
|GφB| < 0.11, |GlB| < 0.15, |GeB| < 0.11, (26)
0.08 < |GlW | < 0.34,
where GiV ≡ giV/µV . As in the case of each individual extension, neither the quark
couplings nor the Higgs coupling to W can be constrained at this confidence level.
The combined fit is characterized by a significantly deeper minimum than any of the
separate extensions (we find χ2 − χ2SM = −16.4, which is 4.1 [15.1] units lower than
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the fit to the B [W ] extension, for 3 [6] extra degrees of freedom), and a preference for
slightly smaller (larger) leptonic couplings to the B (W).
Let us study the mass terms. After electroweak breaking the charged vector mass
matrix is the same as in the previous section, whereas the one for the neutral vectors
(Zµ,W3µ,Bµ) is
M2n =
 M
2
Z0
Re[x]
cos θW
− Re[y]
cos θW
Re[x]
cos θW
M2W −k2
− Re[y]
cos θW
−k
2
M2B
 , (27)
where k = gWBv2/2, M2B = µ
2
B + gBBv
2 and the other symbols were defined in the
previous sections. We also introduce ∆BW = M2B −M2W . We assume that the vector
and triplet fields are heavy, MB,MW ≥ 1 TeV and that the couplings are not too large.
Then the mixings of the Z boson with the extra bosons are small: sinα1,2 ∼ v2/M2B,W .
Moreover, the coupling gφB is constrained by EWPD, according to Eq. (26).
With these constraints, the impact of the mixing of SM gauge bosons and heavy
vectors on the processes we are studying is small. Therefore, we can neglect this mixing
and simply set gφB = g
φ
W = 0. The neutral mass eigenstates are then Zµ, the physical Z
boson, and
Z′1,µ = cos θW3µ − sin θBµ, (28)
Z′2,µ = sin θW3µ + cos θBµ, (29)
where tan 2θ = k
∆BW
and θ ∈ (−pi
4
, pi
4
]. Note that, with our definitions, Z′1µ and Z
′
2µ are
mostlyW3µ and Bµ like, respectively. The masses are given by MW = MW 0 , MZ = MZ0 ,
MW ′ = MW and
M2Z′1 = M
2
W − sign(∆BW)
√
∆2BW + k2 − |∆BW |
2
= M2W −∆21 sin2 θ, (30)
M2Z′2 = M
2
W + sign(∆BW)
√
∆2BW + k2 + |∆BW |
2
= M2W + ∆21 cos
2 θ, (31)
where
∆21 = sign(∆BW)
√
∆2BW + k2
= M2Z′2 −M
2
Z′1
. (32)
In all cases, one Z′ is heavier than the W′ and the other Z′ is lighter. Another useful
relation is
sin 2θ =
gWBv2
2∆21
. (33)
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Scenario 1: |M2B −M2W |  v2
W′
Z′1 ≈ Z′L
Z′2
Scenario 2: |M2B −M2W | . v2
W′
Z′1
Z′2
Figure 4: Pattern of the Z′1,2 and W
′ masses in the two regimes described in the text.
It is important to note that, whereas |∆BW | (and |∆21|) can in principle be arbi-
trarily large, k is proportional to v2, and it is thus bounded in a perturbative theory.
A direct consequence of this is that the mass of the W3-like neutral boson, Z′1 must
always be similar to the one of the charged bosons W′. Indeed, |M2W ′ − M2Z′1| is a
monotonically decreasing function of |∆BW | and it is bounded from above by k2/4. For
MW ′ ≥ 1 TeV, we find |MW ′−MZ′1| ≤ 94 GeV if gWB ≤ 4pi and |MW ′−MZ′1| ≤ 7.8 GeV
if gWB ≤ 1. We can distinguish two regimes:
1. |∆21|  v2. In this case the mixing angle θ is small and MZ′1 ' MW ′ . The
couplings of Z′1 are approximately equal to the ones of a Z
′
L. The two neutral
bosons can be produced independently from each other. Therefore, the triplet
and the singlet can be treated separately in direct searches.
2. |∆21| . v2. In this case θ is not constrained by perturbativity. The masses of all
the heavy vector bosons are similar, with differences of 30 GeV at most for extra
bosons above 1 TeV. Therefore, in this regime the interference in the exchange
of the two neutral bosons cannot be neglected.
The pattern of masses in the two regimes is illustrated in Figure 4. The second regime
requires some fine tuning in the masses, which might be enforced by a symmetry in
the fundamental theory.
Let us now consider the interactions with fermions. We assume again that all the
couplings to fermions are flavor diagonal and universal, in the interaction basis. Then,
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the interactions of the charged vector bosons are as for the triplet, Eq. (20), whereas
the interactions of the two heavy neutral bosons read
LNCWB = −
∑
ψ
{
Z ′1µ
(
Tψ3 g
ψ
W cos θ − gψB sin θ
)
+ Z ′2µ
(
Tψ3 g
ψ
W sin θ + g
ψ
B cos θ
)}
ψ¯γµψ,
(34)
where the sum in ψ is over all chiral fermions, gψW,B are the couplings to ψ, and T
ψ
3 is
the third component of isospin of ψ.
Our general effective theory contains ten parameters: MW , MB, gWB, g
q,l
W , g
q,l,e,u,d
B .
The first three can be traded by the mass MW ′ of the charged heavy vector, the splitting
in the mass squared ∆21 of the two heavy neutral bosons, and the mixing angle θ. As
stressed above, there is a ∆21-dependent perturbativity limit on the mixing angle, given
by Eq. (33). When |∆21| → ∞, the singlet and the triplet decouple.
As we have already pointed out, in Regime 2 the two neutral states always have
similar masses. Thus, the interference of their contributions to the cross section of
the pp → `+`− process must be taken into account. Furthermore, the propagation of
the two bosons becomes interconnected at the quantum level. Already at one loop,
the self-energies mix their masses and widths, and the propagator is a 2 × 2 complex
matrix in the space of the two neutral bosons [22]. When the mass and width matrices
do not commute, they cannot be simultaneously diagonalized and the processes with
exchange of these particles in the s channel are not well described by a Breit-Wigner
propagator for each separate particle. The resummed matrix propagator is the inverse
of the renormalized 1-particle-irreducible two-point function. It has the form
Pµν =
−i
p2 −M2(p2)
[
gµν − pµpν 1 + ΠL(p
2)
M2(p2) + p2ΠL(p2)
]
, (35)
where A
B
≡ AB−1 and M2(p2) = M2 + ΠT (p2). The matrices ΠT,L are the transverse
and longitudinal parts of the self-energy matrix of the vector bosons, and M2 is the
renormalized mass-squared matrix in an on-shell scheme: d
dp2
M2(m¯2) = 0 and M2 =
ReM2(m¯2), with the condition m¯2 = 1
2
TrM2. In the processes we are interested in,
this propagator is always contracted with currents of light fermions. Therefore, we
can safely neglect the longitudinal part. Finally, neglecting also non-local parts in
ReM2(p2), we obtain a generalization of the Breit-Wigner approximation
Pµν = −i gµν
p2 −M2 − i Im ΠT (p2) . (36)
where it should be remembered that ΠT and M
2 are matrices. This is the propagator
we have used in our exact calculations.
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It is quite remarkable that a modified narrow width approximation exists also in
this more intricate case. We prove in the appendix that, when the individual widths
are larger than the mass interspace but much smaller than the masses, the cross section
can be approximated by Eq. (8) with
cq =
1
6piTrΣ
Tr (GlGq)+ Tr
(
GlΣ˜GqΣ˜
)
det Σ
 , q = u, d, (37)
where we have defined the 2× 2 matrices
Gfij =
1
2
[
(gfL)i(g
f
L)j + (g
f
R)i(g
f
R)j
]
, (38)
with (gfL,R)i the chiral couplings of the Z
′
i to each SM fermion f (with g
ν
R = 0), and
Σij =
1
12pi
∑
f=u,d,e,ν
Gfij. (39)
The matrix Σ˜ is the adjugate
Σ˜ij = 
m
j 
n
i Σmn. (40)
In some special models it may happen that det Σ = 0. This means that one linear
combination of the two Z′ decouples from the SM fermions (or both, but this case is
trivial), and the usual expressions for cu,q are recovered.
6 The generalized sequential model
In any weakly-coupled model containing a Z′ with the same couplings as the SM Z
boson, there are triplet and singlet vector fields with sizable mixing. From Eq. (34),
we find sin θ & 0.17 for fermionic couplings smaller than one (of both heavy neutral
bosons). Using Eq. (33) and gWB ≤ 1, this requires ∆21 . 0.09 TeV2. Therefore, along
with the sequential Z′ there is another Z′ and a W′, with masses differing by less than
50 GeV if they are heavier than 1 TeV. This implies that the sequential Z′ cannot be
studied independently from, at least, the additional Z′. If the W′ is also required to
have the same couplings as the SM W boson, it is easy to see that the second neutral
vector will couple to the electric charge, exactly as the photon. In the following we
propose a minimal model that implements a generalization of such a sequential SM
with an arbitrary mixing angle.
We will concentrate on the electroweak sector. The model is a two-site moose with
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the SM electroweak group on each site9. The gauge group is thus SU(2)1 × U(1)1 ×
SU(2)2×U(1)2. Let gi (g′i) and W iµ (Biµ) be, respectively, the gauge coupling and gauge
boson of the factor SU(2)i (U(1)i). A scalar field χ in the representation (2Y , 2Y ) of
this group takes a vacuum expectation value
〈χ〉 = Λ√
2
(
1 0
0 1
)
, (41)
which breaks the gauge symmetry to the diagonal subgroup SU(2)L × U(1)Y , with
gauge couplings g, g′ satisfying g−2 = g−21 + g
−2
2 , g
′−2 = g′−21 + g
′−2
2 . We assume that
the excitations of χ around its vacuum are heavy enough to be ignored in our analyses.
In addition, we introduce the SM matter content in SM representations, but with the
fermions and the Higgs field transforming only under the gauge group in one site. There
are two possibilities:
A. The fermions and the Higgs field ”live” on the same site (which we call site 1).
B. They ”live” on opposite sites (fermions on site 1 and the Higgs doublet on site 2).
In the electroweak symmetric phase, the mass eigenstate vector fields are
Wµ = cosϕW
1
µ − sinϕW 2µ ,
Wµ = sinϕW 1µ + cosϕW 2µ ,
Bµ = cosϕ
′B1µ − sinϕ′B2µ, (42)
Bµ = sinϕ′B1µ + cosϕ′B2µ,
with t = tanϕ = g1/g2 and t
′ = tanϕ′ = g′1/g
′
2. Wµ and Bµ are the massless (before
electroweak breaking) gauge bosons of the SM gauge group, while the heavy vectors
Wµ and Bµ have masses µW =
∣∣∣ Λgcosϕ sinϕ ∣∣∣ and µB = ∣∣∣ ΛY g′2 cosϕ′ sinϕ′ ∣∣∣. Their couplings to
fermions are gqW = g
l
W = gt, g
ψ
B = g
′t′Y ψ. Therefore, they are equal to the ones in the
SM with a global rescaling by t or t′.
In model A, the couplings involving the Higgs doublet have the values gWW =
g2t2/4, gBB = g′2t′2/4, gWB = gg′tt′, g
φ
W = gt, g
φ
B = g
′t′/2. In model B, the formulas
are obtained from this by the substitutions t → t−1, t′ → t′−1. Therefore, in the
configuration A the fermion and Higgs couplings are proportional, whereas in B they
9This model is an extreme deconstruction of a theory with the electroweak gauge bosons in an extra
dimension. For certain values of the parameters, it can also be viewed as a simplified representation
of an elementary sector coupled to a strongly-coupled one, as proposed in [23]. Moreover, the same
gauge group is used in the Littlest Higgs model [24].
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are inversely proportional. This difference has little impact on the direct searches
below, so for brevity we only consider model A in the following. We also assume that
the couplings to the Higgs are not large and µW,B  v, such that we can neglect the
mixing of the heavy vectors with the SM ones.
Next, we make the crucial assumption µB = µW , which can be achieved for any
value of t and t′ by adjusting the hypercharge Y of χ. This tuning can be justified by
some symmetry of the completion of our model. For instance, in models with extra
dimensions it is a direct consequence of the higher-dimensional Lorentz invariance.
For our purposes, it has the virtue of allowing for big mixing (regime 2). With this
assumption, the mixing angle of Bµ with W3µ is given by
tan θ =
g′t′
gt
= tan θW
t′
t
. (43)
Notice that with this definition θ ∈ [0, pi/2], unlike our choice for the general case
discussed in Section 5. This is convenient in this model as it allows for a well-defined
identification of the two neutral states with one Z-like and one γ-like extra vectors,
which we call Z′ and γ′. Only for θ ∈ [0, pi/4] these states are equal, respectively, to
the Z′1 and Z
′
2 of Section 5. The eigenmasses read
M2W ′ = M
2
W = µ
2
W +
g2t2
4
v2, (44)
M2Z′ = µ
2
W +
g2t2
4 cos2 θ
v2, (45)
M2γ′ = µ
2
W , (46)
where we can observe the similarity with the pattern of masses of the SM gauge bosons.
Moreover, the fermionic couplings of the heavy mass eigenstates W′, Z′, and γ′ are equal
to the ones of the W, Z and γ bosons, respectively, with the replacements g → gt,
θW → θ, with e and g′ changing accordingly. Instead of using t, it turns out to be more
convenient to work in terms of t¯ = (t + t′)/2. The parameterizations (t, t′) and (t¯, θ)
are then related as follows,
t =
2 t¯
1 + tan θ
tan θW
, t′ =
2 t¯
1 + tan θW
tan θ
. (47)
In particular, since t and t′ can always be chosen positive without loss of generality, this
parameterization allows to easily keep track of the perturbativity of both the W and
B couplings at the same time. At the particular point t¯ = 1, θ = θW , this model has
an exact replica of the SM gauge bosons, with a common shift of µ2W in their masses
squared. Hence, in what follows we will refer to the model A with µB = µW as the
generalized sequential model (GSM).
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Figure 5: Left: From darker to lighter, confidence regions with ∆χ2 ≤ 2 (blue), 4
(orange) and 6 (95% C.L.) (green), respectively, in the t/MW-t′/MW plane for the
GSM. Right: The same using the parameterization in terms of t¯ and θ.
As in the previous sections, we have calculated the bounds from electroweak pre-
cision data on this particular model. They are displayed in Figure 5, using the two
alternative parameterizations (t, t′) and (t¯, θ). We only find a small improvement in
the minimum, χ2 − χ2SM = −0.48. The individual 95% C.L. limits on the individual
parameters t and t′ are∣∣∣∣ tMW
∣∣∣∣ < 0.34 TeV−1, ∣∣∣∣ t′MW
∣∣∣∣ < 0.40 TeV−1. (48)
Notice that there is no dependence on θ when t¯ = 0, so this parameter cannot be
bounded. Notice also that, within the dimension six effective Lagrangian expansion
we are using to compute the limits, in both Figure 5 and Eq. (48) it is equivalent to
express the results in terms of t/M2W , t
′/M2W or t/µ
2
W , t
′/µ2W .
We have used Eq. (37) to compute the effective cu − cd parameters that describe
the joint contribution of the two Z′ bosons to the dilepton cross section. The result is
shown, for any θ and t¯ = 1, in Figure 6. We also plot, for comparison, the usual cu,d
values for Z′, which when θ = θW has the same couplings as the Z boson. In Figure
7, we reproduce the CMS 95% C.L. exclusion limits in the cu − cd plane for different
Z′ masses, given in Ref. [21]. On top, we draw the line that represents the possible
values of these parameters for a generalized sequential model with t¯ = 1, together
with the ones for the two Z′ treated independently. It is quite clear from these results
that the predictions of a consistent sequential model are quite different from the ones
of the benchmark that the experimental collaborations use for their interpretation of
dilepton events. On the other hand, from Figure 7 we can read the following 95% C.L.
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Figure 6: Values of the cu and cd parameters for the GSM with t¯ = 1, as a function of
θ. Also shown are the cu and cd values for the (Z-like) Z
′ boson alone.
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Figure 7: 95% C.L. exclusion limits for the cross section of a Z′, for different masses,
in the cu − cd plane, taken from Ref. [21]. The cu and cd values of the GSM with t¯ = 1
as a function of θ ∈ [0, pi/2] are represented by the lines. We also plot the cu-cd lines
for the Z′ and γ′ bosons of the model, treated separately.
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limits on the masses when t¯ = 1: MZ′ ≤ 2800 GeV, 2700 GeV, 2900 GeV for θ = 0,
θW , pi/2, respectively. As we will see shortly, these limits derived from the effective
narrow-width approximation agree pretty well with the ones from a full calculation,
which we describe in the next section.
7 Combined searches of Z′ and W′ bosons at the
LHC
The LHC signals of singlets B have been studied in great detail before. Here we present
exclusion limits of extensions of the SM with at least one triplet W , using data from
direct searches of resonances at the LHC. In these cases, we can have resonance signals
with both `+`− and ` + /ET final states. To make use of the relations between Z′ and
W′ signals, we combine the data in both channels. This combination is carried out by
defining a common test-statistic depending on the two channels. We will also compute,
for comparison, the limits obtained from separate `+`− and `+ /ET events. We consider
first extensions with one triplet only, and then put limits on the generalized sequential
model, as an example of a model in Regime 2 (with large singlet-triplet mixing). Note
that Regime 1 is covered by the triplet analysis and the standard searches of singlets.
We use the experimental data in the samples of `+`− and ` + /ET events collected
by the CMS collaboration at
√
s = 7 TeV with an integrated luminosity Lint ∼ 5 fb−1,
as given in Refs. [21] and [25], respectively. The leptonic events include both electron
and muon events. We generate the new physics signal using MadGraph/MadEvent 4.5
[26] together with PYTHIA 6.426 [27]. Detector effects are simulated using PGS 4 [28].
Our simulations also make use of a dedicated code to implement the matrix propagator
of two nearby Z′ bosons, given in Eq. (36). Finally, we take the background directly
from Refs. [21] and [25]. We have used in our simulations the same event selection cuts
as the ones given in [21] and [25].
Since we neglect the mixing with SM gauge bosons, there is no production by
gauge-boson fusion and we only need to consider the Drell-Yan processes q¯q → `+`−
and q¯q → ` + /ET . We observe that even in known models where the (colorless) extra
vectors have rather small couplings to the light quarks and relatively large mixing, such
as warped extra dimensions, Drell-Yan is the dominant production mechanism [29, 30].
Our simulated signals allow for the possibility of emission of one jet. They also include
the interference of the amplitudes involving new vector bosons with the ones mediated
by SM gauge bosons. The importance of this effect is shown in Figure 8, where we plot
the excess of signal over background in the cross section distributions for a particular
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Figure 8: Comparison of the new physics contributions to the di-electron (left) and
e + /ET (right) channels, including and neglecting the interference with SM gauge
bosons. The results correspond to a GSM with MW = 2600 GeV, θ = θW and t¯ = 1,
for
√
s = 7 TeV at CMS. We use the cuts from [21] and [25].
point of the generalized sequential model, in the `+`− and `+ /ET channels. The signal
is calculated with and without the interference of the new amplitudes with the SM
ones. It is apparent that the interference effects cannot be neglected in the regions
away from the resonance, for `+`−, or the Jacobian peak, for ` + /ET . The analyses
are done using a window of masses larger than Min{0.7M, 1900 GeV} for the neutral
channels and Min{0.6M, 1400 GeV} for the charged channels, with M the mass of the
Z′ or the W′. With these choices, the interference with the SM has a significant effect
on the limits from the charged sector [31].
The statistical analysis is performed with the CLS method. For the test statistic
we use the likelihood ratio
Q =
L(s+ b|obs)
L(b|obs)
= e−
∑
i(s)i
∏
i
[
1 +
(s)i
(b)i
]ni
, (49)
where L(A|obs) are likelihood functions, ni, si and bi are, respectively, the observed
number of events, the expected number of signal events and the expected number of
background events, all in bin i, and the sum and product are carried out over the total
number of bins in the invariant mass or transverse mass. In the combined analyses, we
simply include the bins from `+`− events and `+ /ET events in the same Q. Note that Q
is larger when the data are more consistent with the signal-plus-background hypothesis
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s + b, and smaller when they are more consistent with the background hypothesis b.
The confidence estimators are given by
CLb(Qobs) = Pb(Q < Qobs), (50)
CLs+b(Qobs) = Ps+b(Q < Qobs), (51)
CLs(Qobs) =
CLs+b(Qobs)
CLb(Qobs)
, (52)
where PA(Q < Qobs) is the probability, under the hypothesis A, of measuring in a
pseudo-experiment a value of Q smaller than the observed one, Qobs. The regions
excluded at the 95% C.L. are defined by the points in parameter space for which
CLs(Qobs) ≤ 0.05.
In order to estimate the systematic theoretical error of our signal simulation, the
backgrounds due to the tree-level processes Z/γ∗ → `+`− and W± → `ν have been
simulated in the high invariant mass region. The physics of these processes is very
similar to the one of Z′ and W′± processes, so the systematic errors can be expected
to be roughly the same. We obtain a difference with the background prediction of [21]
and [25] of around 10%− 15%, which we take as our systematic error. We do not take
into account possible correlations between the systematic errors in the two channels.
7.1 Limits on triplet
As we have explained in Section 4, in the study of leptonic events at the LHC we
can neglect the mixing of the new vectors with the Z and W bosons. Then, a general
universal extension of the SM with a vector triplet W is described by only three pa-
rameters (besides the ones in the SM): the mass M2W and the couplings g
q
W and g
l
W .
We present our limits for the particular case gqW = g
l
W (= g˜W), where g˜W has been
defined in Eq. (23). In the narrow width approximation, the two couplings only enter
the cross sections through the combination g˜W , so these limits are also approximately
valid for any value of glW/g
q
W .
Figure 9 shows our exclusion limits at the 95% C.L. in the plane M2W − g˜W for the
`+`− channel alone, the ` + /ET channel alone, and the combination of both channels,
as explained above. We can see that the ` + /ET data give stronger limits than the
`+`− ones. The combined limits are thus dominated by the ` + /ET channel. Still,
the combination gives a sizable improvement over this individual analysis. Let us
emphasize that each of these curves put limits on the masses of both W′L and Z
′
L
bosons. This means, for instance, that the information from ` + /ET alone already
puts strong constraints on a Z′L boson. These constraints are actually stronger than
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Figure 9: 95% C.L. exclusion limits for the triplet model with gqW = g
l
W = g˜W . Regions
above the curves are excluded. The bounds obtained using the `+`− and ` + /ET
channels separately are delimited by the (red) dashed and (blue) dot-dashed lines,
respectively. The solid black line represents the limits for the combination of both
channels. Finally, the grey bands represent the systematic uncertainty, corresponding
to a ±10% variation in the signal. We also show in blue the region excluded by EWPD
from a fit with gqW = g
l
W and g
φ
W = 0.
the ones from the more obvious dilepton channel, but weaker than the ones from the
combination of the two channels. In Figure 9 we have also included the corresponding
EWPD bounds, which still dominate the limits for large masses and couplings. In
deriving the EWPD constraints we have assumed the same constraints, i.e. gqW = g
l
W
and no mixing with the SM (gφW = 0). Notice that, while these bounds could be relaxed
assuming free mixing (see Figure 2), the effect of gφW in the direct searches limits is
small.
7.2 Limits on generalized sequential model
A general extension of the SM model with one singlet and one triplet (neglecting mixing
with the SM gauge bosons and supposing universality between families) depends on
ten parameters. When ∆21  v2 (Regime 1), the mixing angle θ approaches zero and
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using the `+`− and ` + /ET channels separately, respectively. The solid line combines
both of them. Systematic uncertainties, corresponding to a variation of a 10% of the
signal, are represented by the grey bands. We also show in blue the region excluded
by EWPD.
it is possible to study the singlet and the triplet independently. The triplet analysis
has been shown in the previous section, and the one for a singlet is well known. On
the other hand, when ∆21 . v2 (Regime 2) the masses of all the extra particles are
comparable, the mixing can be large, and we need to consider the triplet and the singlet
at the same time.
We illustrate the special features of regime 2 with an analysis of the generalized
sequential model, which has just three free parameters: MW , t¯ and θ. In other words,
we consider a three-dimensional slice of the general parameter space. This model has
two Z′ and one W′, all of them with a similar mass for any value of t¯ and θ. The
interference and width-mixing effects between both Z′ bosons cannot be neglected in
the calculation of the dilepton cross section. When θ = θW , the model contains a
sequential W′, a sequential Z′ and a sequential γ′.
In Figure 10 we show the exclusion limits at the 95% C.L. in the plane MW − t¯ for
the particular value θ = θW , from each separate data set and from their combination.
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Figure 11: 95% C.L. exclusion limits for the GSM with t¯ = 1. Regions below the
curves are excluded. The dashed and dot-dashed lines delimit the bounds obtained
using the `+`− and ` + /ET channels separately, respectively. The solid line combines
both of them. Systematic uncertainties, corresponding to a variation of a 10% of the
signal, are represented by the grey bands. We also show in blue the region excluded
by EWPD at 95% C.L. .
From this plot, the limits on the individual masses of the two Z′ and the W′ can be
read directly, using Eqs. (44-46). At the leading order, MW′ ' MZ′ ' Mγ′ ' MW . In
Figure 11 we plot the limits in the plane θ −MW , for fixed t¯ = 1. Again, we give the
limits obtained from both channels separately and also from their combination. As in
the triplet case, we also show the corresponding EWPD bounds in Figures 10 and 11,
and these provide the stronger limits for large masses and couplings.
Comparing Figures 7 and 11, we observe a good agreement between the limits found
for the `+`− final state and the limits extracted from the curve of the cu − cd plane.
The allowed regions in that plane were obtained by CMS using the same set of data
we employ. This shows that the generalization of the cu, cd parameters that we have
proposed at the end of Section 5 is accurate and useful.
For small values of θ, the limits are dominated by the ` + /ET data, whereas when
θ & pi/12, the leptonic channel takes over. For large values of θ the triplet, and thus the
W′, decouples. We see again that the combination improves the bounds in the region
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where the contribution of the triplet is non-negligible. Using the combined analysis, we
find a lower bound on the mass of the sequential vector bosons W′, Z′ and γ′ (θ = θW ,
t¯ = 1) around 2750 GeV. It is also apparent that, for t¯ = 1, the EWPD put stronger
bounds than the LHC with 2011 data. The reason is that t¯ = 1 gives an effective
theory with pretty large fermionic couplings. In this case, non-trivial limits correspond
to high masses, and the direct limits are penalized by the fast decrease of the parton
distribution functions at large momentum fraction.
8 Conclusions
Consistency with the SM gauge invariance imposes strong constraints on the possible
spectra and interactions of new particles in any new physics scenario. In particular, it
demands that the extra particles furnish complete multiplets under SU(3)C×SU(2)L×
U(1)Y . This trivial observation has direct implications on how they will manifest in
experiments. In this paper, we have studied the correlations that gauge invariance
imposes between processes with different leptonic final states in the searches of new
vector bosons. We have built general effective Lagrangians that describe the propaga-
tion of the extra vectors and their interactions with the SM fields. These Lagrangians
are gauge invariant and automatically incorporate these generic constraints. They pro-
vide a consistent model-independent description of this class of new physics in terms
of the couplings and masses of the multiplets, which allows for a direct and natural
interpretation of the experimental results.
Under mild assumptions, we have shown that any new resonant signal `+ /ET arising
from an extra charged vector boson W′ must be accompanied by a dilepton resonance
from a companion Z′ in the multiplet10. Moreover, the parameters controlling the
strength of the interactions in both channels are related. Thus, when looking for extra
charged vectors, it is natural to include both channels in a joint analysis that takes these
correlations into account. We have carried out such an analysis in different scenarios
and, as expected, have obtained stronger limits than the ones from the independent
analysis of each channel.
On a related note, it is worth emphasizing the importance of bounds from elec-
troweak precision data in new physics studies. As we have seen, despite the strong
limits that direct searches at the LHC impose on new physics, electroweak bounds are
still competitive and actually dominate in regions of the parameter space with large
10In Ref. [32] similar observations have been derived from the requirement of perturbative unitarity.
This is not surprising, since perturbative unitarity is tightly related to gauge invariance.
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couplings and masses. For instance, the electroweak precision limits for a theoretically-
consistent sequential Z′ model are stronger than the direct LHC limits with 2011 data.
On the other hand, our results can also be read from the point of view of the
implications of a discovery. Should we find a signal of new physics in the `+ /ET channel,
then we would expect a correlated signal in dilepton searches. In that case, in the
same way we improve limits by combining both channels, the combination of channels
should improve the significance of the discovery. Conversely, if a new neutral vectorial
resonance is discovered, the details of its couplings and invariant-mass distributions
can be related to the presence or absence of a resonance in the charged channel. Our
gauge-invariant formalism would allow to extract the maximum of model-independent
information from these observations.
The model-independent results for the parameters of the effective Lagrangian can
be directly translated to specific models with extra vector bosons. This includes simple
models such as the GSM studied here and the ones proposed in Refs. [33, 34, 35], and
also more complete models such as little Higgs or extra-dimensional theories. For
instance, the existence of correlations between Z′ and W′ bosons, which we study
here in detail, have been emphasized in Ref. [34] for SU(2) × SU(2) × U(1) models
and in Ref. [36] in the context of a four dimensional composite Higgs model [37]. Of
course, explicit models usually bring about additional correlations, since they effectively
correspond to a slice of the general parameter space.
In this paper we have only considered the differential cross section of leptonic events,
as a function of the invariant or transverse mass. It would be interesting to analyze
as well other observables, such as asymmetries and angular distributions. The corre-
lations between the different observables can be studied with the very same effective
Lagrangians we have written here, and should be taken into account to take full ad-
vantage of all the experimental data. To finish, let us point out that, even though
the results of this paper focus on extra vectors and leptonic final states, analogous
considerations apply in the case of resonant production of any other new particles, e.g.
extra quarks [38, 39], leptons [40, 41] or scalars.
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A The effective narrow width approximation for
nearby resonances
Even if the fine structure of nearby resonances is interesting, often it will not be vis-
ible, due to the experimental resolution and/or limited statistics. In these cases, the
experiments are only sensitive to the integrated cross section of the invariant mass dis-
tribution in the resonance region around m¯2 = 1
2
TrM2. In the following, we show that
if the widths are much smaller than the masses, we can approximate the total cross
section due to the different particles with an effective narrow width approximation.
For simplicity, we restrict ourselves to the case of two nearly degenerate neutral vector
bosons.
We consider a Drell-Yan process qq¯ → Z ′i → `+`−, with the s-channel exchange of
two Z′ bosons. Neglecting fermion masses, the parton-level cross section reads at the
leading order,
σqq¯→`+`−(pq, pq¯, pl, pl¯) =
{
GqkiTr[/pq¯γ
µ
/pqγ
σ] + GˆqkiTr[/pq¯γ
µ
/pqγ
σγ5]
}
×
{
G`jmTr[/p`−γ
ν
/p`+γ
ρ] + Gˆ`jmTr[/p`−γ
ν
/p`+γ
ργ5]
}
P ijµνP
†km
σρ ,
(53)
where pi is the momentum of the particle i,
Gfki = (g
f
V )k(g
f
V )i + (g
f
A)k(g
f
A)i =
1
2
[
(gfL)k(g
f
L)i + (g
f
R)k(g
f
R)i
]
,
Gˆfki = (g
f
V )k(g
f
A)i + (g
f
V )i(g
f
A)k =
1
2
[
(gfR)k(g
f
R)i − (gfL)k(gfL)i
]
,
(54)
and
P µνij = −igµν ∆ij(p2), (55)
∆ij(p
2) =
[
p2δij −M2ij − iΣˆij(p2)
]−1
, (56)
with p = pq + pq¯ = p`− + p`+ , and Σˆij(p
2) = Im ΠT,ij(p
2). The leading contributions to
Σˆ come from loops of the SM fermions. In the approximation of massless fermions,
Σˆij(p
2) =
p2
12pi
∑
f
Gfij ≡ p2Σij. (57)
The terms with Gˆfki cancel out when the cross section is integrated over angles. After
convolution with the parton distributions functions, the total cross section reads
σpp→Z′i→`+`− =
∫
dp2
∑
q=u,d
dLqq¯
dp2
p2
36pi
Tr[G`∆†(p2)Gq∆(p2)], (58)
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where dLqq¯
dp2
are the parton luminosities.
For not very broad resonances, the cross section is sharply peaked at a small region
around the masses of the two bosons. Therefore, in calculating the total cross section,
we can assume that p2 dLqq¯
dp2
is approximately constant in this region, and substitute it
by its value at m¯2:
σpp→Z′i→`+`− '
∑
q=u,d
dLqq¯
dp2
∣∣∣∣
m¯2
m¯2
36pi
∫ ∞
−∞
dp2 Tr[G`∆†(p2)Gq∆(p2)]. (59)
We have also extended the integral in p2 to the interval (−∞,∞).
The trace in the integrand of (59) can be rewritten as
Tr[G`∆†Gq∆] =
Tr[G`A†GqA]
|D|2 , (60)
with
A = (1 + iΣ˜)p2 − M˜2, (61)
D = det[(p2 −M2)− iΣp2], (62)
where for any 2× 2 matrix R, R˜ij ≡ mj ni Rmn is its adjugate matrix.
On the real line, both the numerator and the denominator are positive real polyno-
mials, of degree two and four, respectively. Thus, we can write them in the following
way:
Tr[G`A†GqA](p2) = bq(p2 − uq)(p2 − u∗q), (63)
DD†(p2) = a(p2 − ω1)(p2 − ω∗1)(p2 − ω2)(p2 − ω∗2), (64)
with uq, ωi the roots of the polynomials, a = 1+O (Σ2) and bq = Tr[G`Gq] [1 +O (Σ2)].
The poles of (60) will be then given by the eigenvalues ωi of the matrix (1−iΣ)−1M2.
When M2 is nearly degenerate, we can write M2 = m¯2(1 + δ), where the matrix
δ is a small perturbation from the degenerate limit. The limit we are interested in
then corresponds to the case O(δ) < O(Σ), i.e. mass splitting smaller than widths.
Diagonalizing (1− iΣ)−1 and treating δ as a perturbation we find
ωi =
m¯2
1 + Σ2i
(1− iΣi)(1 + δii) +O(δ2), (65)
where Σi are the eigenvalues of Σ and δii, the expected values of δ in the eigenvector
of Σi.
On the other hand, the numerator of (60) can be rewritten in the following way:
Tr[G`A†GqA] = [Tr(G`Gq)+Tr(Σ˜G`Σ˜Gq)]p4−2Tr[GqG`M˜2]p2+Tr(M˜2G`M˜2Gq). (66)
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The zeros of the numerator are then given by
uq =
1 + βq
1 + αq
m¯2[1± i√αq] +O(δ2), (67)
where
αq =
Tr(Σ˜G`Σ˜Gq)
Tr(G`Gq)
, βq =
Tr(δ˜G`Gq)
Tr(G`Gq)
. (68)
Once we know the analytical structure of the trace, it is straightforward to compute
the integral in (59) with the residue theorem. At the leading order, we find∫ ∞
−∞
ds
Tr[G`A†GqA]
|D|2 =
pi
m¯2
Tr(GqG`)
Tr(Σ)
(
1 +
αq
det Σ
) [
1 +O(δ2/Σ2) +O(Σ)] . (69)
Therefore, the total cross section is approximated by,
σqq¯→Z′i→`+`− =
1
36 Tr Σ
∑
q=u,d
dLqq¯
dm¯2
Tr (G`Gq)+ Tr
(
G`Σ˜GqΣ˜
)
det Σ
 . (70)
Comparing with (8), written in terms of the parton luminosities, we can extract the
values of cu and cd that describe the ensemble of neutral vector bosons. Just as the
standard ones for single resonances, they depend only on the couplings of the two
bosons of the model11:
cq =
1
6piTr Σ
Tr (G`Gq)+ Tr
(
G`Σ˜GqΣ˜
)
det Σ
 . (71)
Note that, at the leading order, there is no dependence on δ, i.e. on the splitting
between the masses of the two Z′. Therefore, Eq. (37) allows us to read the limits
on models involving two nearly-degenerate Z′s from the generic bounds on the cu − cd
planes that are provided by the experimental collaborations. The basic assumption is
that the resonances are narrow, but broader than the mass splitting.
11In some models it may happen that det Σ = 0. This signals the decoupling of one of the two Z′
from the SM fermions. In this case we recover the usual expression for cq. Indeed, it can be shown
that det Σ 1 implies Tr
(
G`Σ˜GqΣ˜
)
∼ (det Σ)2, so in (37) the term Tr(G
`Σ˜GqΣ˜)
det Σ cancels, and we get
Eq. (9) again.
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